The main goal of this work was the non-destructive testing (NDT) of an ancient fresco (15th century) preserved in the Santa Maria di Collemaggio Church (L'Aquila, Italy) and damaged after the 2009 earthquake. Active infrared thermography (IRT), near-infrared (NIR) reflectography and ultraviolet imaging (UV) were used. In addition, the state of the fresco prior to the earthquake was analyzed by electronic speckle pattern interferometry (ESPI), digital speckle correlation (DSC), raking light, tap, and chemical NDT techniques. The use of these techniques was important for the monitoring of new damages and for a comparison between the results over the years. Square heating thermography (SHT) data were processed using principal component thermography (PCT) and pulsed phase thermography (PPT) algorithms, in order to improve the defects' signature and to reduce the impact of non-uniform heating and emissivity variations due to the painting's pigments. A multi-analysis approach, segmentation operators and a specific data correlation method emphasize the overall study of the fresco. Furthermore, the facade and the high altar area were inspected by passive thermography and ground-penetrating radar (GPR), respectively. In the present case, the combined use of NDT techniques was useful to fill in the gaps in the construction history of the building.
INTRODUCTION
In the past decade, a heightened interest in cultural heritage (CH) has emerged (UNESCO 1995; Lowenthal, 1996) . Today, artworks are considered as a personal and cultural patrimony, and great efforts are undertaken to ensure their preservation. In order to maintain the state of a particular piece of art, it is necessary to continuously evaluate its condition, particularly as it ages. This evaluation, however, is not always a simple task, especially for artworks in open air (Siddiolo et al. 2007 ), while in the preservation field of confined artworks, several diagnostic methods, such as visual inspection, infrared (IR) thermography, holographic interferometry, and ultrasonic testing, have been applied recently (Grinzato et al. 1994a; . These nondestructive testing (NDT) techniques were first developed and adopted for engineering and physical sciences and subsequently adopted in the field of art conservation. The main feature of these methods is their capability of investigating a site or a structure non-invasively, i.e., without digging, boring, or altering its original composition or shape Meola 2001, 2002; Ludwig and Rosina 2005; Ibarra-Castanedo et al. 2008; Valle and Zanzi 1998; Ranalli et al. 2004) . In this context, the term structure is used in the broadest sense. In fact, in a layered structure, such as a fresco, the detached regions inside the top layers are sometimes linked to the shrinkage process of the mural support (Cather 1991) .
This fundamental preamble allows a full understanding of the subsequent concepts. In fact, although detailed knowledge of the internal masonry structure of historical monuments provides a valuable key to their restoration, not all NDT techniques can be used in fresco inspection. Most current diagnostic approaches to frescoes are still performed by the visual skillfulness of experts, although the detection of defects in very large mural paintings (such as in churches) by other techniques, such as finger tapping analysis, have been used as well (Szatanik 367 Taking into account these considerations, it is possible to say that saving both money and time in troubleshooting and research are two main points that could lead to the adaptation of some NDT methods from the industrial field to the CH conservation field.
A choice of the most appropriate technique is required, although the integration of several methods is usually necessary to gain complementary information on the state of conservation of any artwork. In particular, the data comparison between NDT methods applied before and after a restoration, as well as the verification of the behavior of an artwork after a mechanical shock, provide useful information about both the quality of the work performed by the restorer and the technology to be applied in the future (Sfarra et al. 2014 ).
This study is focused on different NDT methodologies (optical, infrared, chemical, and radar), which, when used jointly, permit the reconstruction of the architectural structure conditions from a micro-analysis (analysis of the fresco) to a macroanalysis (analysis of the facade and underground) scale. The historical reconstruction of the alterations that have occurred for the Santa Maria di Collemaggio Church is particularly difficult because of the earthquakes, which caused serious damages to the whole structure on several occasions. Bearing this point in mind, three characteristic parts of the Church were inspected by the previously described NDT techniques: the facade, a part of the underground, and a fresco named Incoronazione dell'Assunta. This fresco is the most important of a series paintings in some niches on the wall of the right nave, namely: Madonna con le Sante Apollonia e Agnese fresco, Crocifissione con San Giovanni e San Giuliano fresco, and Incoronazione dell'Assunta fresco.
This artwork, the diagnostics of which represent a key point in this study as described in following text (Section 5.1), was analyzed by the following six techniques:
1. Near-infrared (NIR) reflectography, 2. IR thermography (IRT), 3. Electronic speckle pattern interferometry (ESPI), 4. Raking light, 5. Digital speckle correlation (DSC), and 6. Ultraviolet (UV) imaging.
The fresco underwent several restorations and suffered the effects of the strong earthquake in 2009; therefore the diagnostics campaigns were performed in different years. In particular, it was inspected by technique number 1 immediately after the 2004 restoration, in order to investigate the presence of pentimenti beneath the painting surface. Data from NDT techniques numbers 3 and 5 were obtained prior to the 2004 restoration. The repaired defects arisen once again after the 2009 earthquake but the comparison between the results from techniques = numbers 2, 3, and 5 allowed an understanding of the nature (cracks or detachments) of these defects (Sfarra 2012a; 2012b) . Data collected by technique number 2 and processed by principal component thermography (PCT) algorithm lead to the surprising discovery of some signs beneath the painting surface. It is possible to say that these signs are subsurface using technique number 4, while by the Otsu (1979) method it was realized that the signs strongly resemble three gothic letters (Sfarra 2011a) .
Among all the segmentation techniques, the thresholding segmentation method is the most popular algorithm. Otsu's thresholding technique (Otsu 1979 ) is a global thresholding method and has been cited as very effective (Trier and Jain 1995; Yu et al. 1997 ). In Trier and Jain's 1995 study, four global thresholding techniques were compared, with the conclusion that the 1979 Otsu method performed the best. In this work, Otsu's method was chosen taking this consideration into account. In addition, a comparison with other thresholding segmentation methods such as those of the Prewitt, Canny, Sobel, Log and Gonzalez operators confirms that the Otsu's operator is a good choice for the present case. A brief description of the Canny (1986) method is reported in Section 5, while the interested readers can retrieve the main information about the other operators in Gonzalez and Woods (2008) .
UV imaging inspection (technique number 6) was used in order to confirm the presence of an author's pentimento, already detected by technique number 1 and supported using an integrated method. The core of this method is already known in the digital image enhancement in the rock art field (Mark and Billo 2002) , but the integration with IRT images can be considered as an innovative approach. In the latter field, significant information such as detail elements or pigments can sometimes be obtained from the color information in photographs. Each color channel can be examined and enhanced. One or more channels are selected as gray-scale images or can be recombined into false-color images. In some cases, elements that were almost invisible in the field can become visible. In other cases, different pigments can be made to stand out clearly and separately from each other, helping to analyze complex objects. Color illustrations are required to show the advantages of enhanced color and false color images. Since IRT such as NIR uses false-color images as a representation, the correct combination of these methods can provide astounding fused results using an appropriate background substrate (NIR image). A detailed description can be found in Section 5.1.
Finally, IRT and GPR were also applied to the fabric. The first (IRT) was used as passive approach for the facade and a niche in order to identify a presumable buried structure built as reinforcement following the 1915 earthquake as well as an aid to reconstruct the history of the fresco. The second (GPR) was applied on a part of the high altar floor in order to confirm the presence of a pre-existing shrine. The experimental results are reported and described in Section 5.2.
HISTORICAL AND ARCHITECTURAL OUTLINE OF THE SANTA MARIA DI COLLEMAGGIO CHURCH
Santa Maria di Collemaggio Church is a monumental example of Romanesque-Gothic architecture in Abruzzo (Italy). The construction began in 1287. According to tradition, the technical and financial aid of the Templars was fundamental in order to complete the building. The Church has a nave and two side aisles that are delimited by two external walls. Following the 1997 earthquake, Santa Maria di Collemaggio underwent some light repair work and was thus moderately strengthened to improve its transversal behavior. A light steel truss structural system was mounted at roof level to improve the link between the walls. Furthermore, the walls were injected with cement mortar to enhance the mechanical properties of the masonry.
Masonry arrangement is not well defined ( Figure 1a ). Basically, at least three layers of different materials constitute the wall, although the complete sequence is formed of four layers (Figure 1b) : the exterior ashlar stone, the squared ashlar, and the stone bulk, which were recovered from three different quarries. The actual facade is the result of at least two major structural interventions, although the exterior finish named apparecchio aquilano is still preserved (Moretti 1971) .
The facade, approximately rectangular in shape, has a thickness varying from 0.90 m, at the top, up to 1.32 m near its foundation ( Figure 1b) . It is not as regular as it may seem at first glance. In the front are three areas separated by vertical parastas (Figure 1c) . The right area, adjacent to the octagonal squat tower, is wider than the other two.
The first reinforcement, performed after the 1915 earthquake, was strongly damaged the upper left corner (Figure 1d ) and consisted of a leaf of brick masonry at the rear of the facade (Figure 1c) . Furthermore, this reinforcement was stiffened by means of four vertical brick corbels laying on longitudinal walls ( Figure 1c ) and a concrete grid (Figure 1d , arrows) to improve its out-of-plane resistance. The three dotted rectangles in Figure 1e represent the three areas described previously. The second reinforcement was performed in 1972. The Baroque superstructure was removed from the main and side aisles, and the ancient octagonal columns and the pointed arches were brought to light (Antonacci and Beolchini 2005) . The fresco previously described was discovered during these labors. Finally, the facade is decorated with geometric designs in red and white stone.
NATURE AND DECAY OF WALL PAINTINGS
The complexity of wall paintings conservation is due to a number of special factors: the physical and aesthetic connection of frescoes with the architecture; their non-homogeneous, multilayer constitution; and the fact that "artistic content" of wall paintings constitutes an extremely thin layer, which is also the interface between environment and support (Cather 1991; Mora et al. 1984) . Paintings on wall can be considered as a layered structure with a support. The mural support is coated with plasters, which serve as a base for the painting. The latter layers are thinner and more fragile than the support. Expansion and contraction of the support due to daily fluctuations of ambient parameters can produce large strains and eventually cracks in the layers because they become less flexible with age. Furthermore, abrupt changes of temperature and humidity, traffic-induced vibrations, and heat exposure may also cause unpredictable stress distributions in the support, with consequent damage of the painted surface.
Regarding the structure, the major causes of structural instability are due to defective foundations, disturbed load transfers, and insufficient cohesion. In the first two instances, cracks that, in the worst case, continue to widen, resulting in the eventual collapse of the building. In the third case, the structure will have numerous hairline cracks caused by slight differences in settling, thermal loads, or other factors (Cather 1991) .
Without discussing in detail any particular measure, some criteria must be satisfied in the restoration of historic buildings, particularly when wall paintings are present. The following must be avoided, for example: the corrosion of auxiliary metal supports; the formation of expanding minerals; the creation of high differentials in acidity within adjoining or directly linking structural components; the formation of cold spots; and the modification of the diffusion behavior of the painting support (Arendt 1991) .
NON-DESTRUCTIVE TESTING (NDT) TECHNIQUES APPLIED
Different NDT techniques were used in order to confirm the defects or the buried structures identified. The conditions of measurement inherent to the main experimental set-ups are described both in Section 5 and in Table 1 regarding active IRT. Advantages and disadvantages of each technique versus the overall objectives are reported at the end of this Section, in Table 2 , while a description of the NDT techniques used is given in following text.
Active Infrared Thermography (IRT)
IRT is a well-known NDT technique and is the main technique used in this work. The basic principles, experimental configuration, and advancements are well documented in the literature (Maldague 2001a; 2001b; Balageas et al. 1986; Martin et al. 2003) . In this study, the fresco was stimulated by a square heat pulse by using the square heating thermography (SHT) method, while the heating and the cooling processes were recorded by an infrared camera for several minutes. The acquired data were then processed to improve defect contrast and signal-to-noise ratio. The IRT technique is introduced in Figure 2a , while the experimental setup used during the SHT measurements is reported in Figure 2b . Several processing techniques exist, ranging from a basic cold image subtraction to more advanced techniques such as principal components or higher order statistics. The more relevant techniques used in this work are: pulsed phase thermography (PPT) (Maldague and Marinetti 1996; Ibarra-Castanedo and Maldague 2004) , and principal component thermography (PCT) (Rajic 2002a) . The first technique (PPT) is a combination of two forms of thermography, pulse thermography, and modulated thermography. In pulse thermography, a pulse of heat energy is deployed into the target and the transient decay of the resulting surface temperature is analyzed. Alternately, in modulated Ground-penetrating radar (GPR) High Medium-High High Medium-High thermography the target is subject to a sinusoidal temperature stimulation in which standing thermal waves are created within the material. These standing thermal waves are analyzed by their magnitude components and phase shifts with respect to the reference modulation. The magnitude images are proportional to local optical and infrared surface features; however, the phase shift images are relatively independent of these features. As a result, the phase images can probe roughly twice the thickness given by the magnitude image and therefore the output of interest (Busse et al. 1992) . PPT uses the principle that a pulse of energy in the time domain contains all frequencies in the frequency domain. Since the input pulse is not an ideal delta function, but rather a rectangular pulse, the resulting frequencies are given by a sinc function F(f) = A p T s sinc(π fT s ), where f is the frequency variable, A p is the pulse amplitude, and T s is the sampling rate (Maldague 2001b) . In effect, all frequencies are analyzed simultaneously in PPT rather than at a single frequency as in modulated thermography (Maldague and Marinetti 1996) . The data consist of an N-elements three-dimensional (3D) matrix with x and y coordinates being the horizontal and vertical pixel positions, while the z coordinate corresponds to the time evolution. The time-dependent thermal response can be reconstructed and processed into the related frequency-range with the Fourier transform. With the finite domain (0 ≤ n ≤ N -1) and the increment of the frequency (n = 1, 2, N/2) the inverse discrete Fourier transform of each frequency is calculated (Gonzalez and Wintz 1987) as:
where i is the imaginary number, R e and I m are the real and imaginary parts of the transform. The subscript n designates the frequency increment. The phase and amplitude are calculated by φ n (x, y) and A n (x, y), respectively:
The phase evaluation is less sensitive to perturbations, such as inhomogeneous illumination, because the phase lag is imaged and not the absolute temperature (Busse and Karpen 1992; Maierhofer et al. 2012 ).
The second technique (PCT) uses singular values decomposition (SVD) to reduce data to a compact statistical representation of the spatial and temporal variations relating the contrasts associated with underlying material defects (Rajic 2002a; 2002b) . In square heating thermography (SHT) data, a series of two-dimensional (2D) image frames are stored sequentially, creating a 3D data set. In order to perform PCT, a raster-like operation must be performed to create a 2D representation of the 3D data. The original data are loaded into an image cube with dimensions N x , N y , and N t , where the N x and N y describe the pixel dimensions of each frame and N t describes the number of frames. This image cube is then transformed into a matrix A with dimensions M x N t , where M = N x N y . The column vectors of M are standardized to correct for individual detector pixel characteristics. This standardization is achieved through the following equations:
where: Any M x N matrix can be decomposed through SVD into the following elements:
where is a diagonal matrix containing the singular values of matrix A, and U and V T contain the left and right singular vectors of A. In this application, the matrix U contains a set of orthogonal basis functions that describe the spatial variations within the data and the matrix V T contains the corresponding characteristic time behavior which can be used to estimate defect depths. By reserving the raster transformation applied to create A on U, the empirical orthogonal functions (EOF) of the data are produced.
An analysis was performed showing that the first two modes tend to contain 99% of the variance within the data, although some leakage occurs in the higher order modes (Rajic 2002b ). The first mode describes a response similar to that of a uniform slab. However, the second mode, characterizes a non-uniform field created by material anomalies, and therefore has been named the primary contrast mode or PCM. A drawback of the original PCT algorithm is that it may enhance some defects at the cost of other defects (Swiderski 2009 ). The flaw depth may be estimated from the second principal component (PC), contained in the matrix V T , and by knowing the thermal diffusivities of the material using the technique developed by Rajic (2002a) and Ringermacher et al. (1998) .
Passive Infrared Thermography
Passive IRT is the first law of thermodynamics concerns with the principle of energy conservation. In many cases (when no phase change is taking place), energy is exchanged as a quantity of heat; therefore temperature is an essential parameter to be measured. In passive thermography, the sample (the facade or a niche of the Church in the present case) is observed under natural thermal condition ( Figure 3 ) while no external thermal perturbation is applied.
In this procedure, abnormal temperature profiles indicate a potential problem (assuming that the emissivity distribution is known), and a key term is the temperature shift with respect to a reference, often referred to as the delta-T ( T) value or the hot spot. A T value of a few degrees (>3
• C) is generally suspicious, whereas higher values indicate strong evidence of abnormal behavior. Generally, passive thermography is rather qualitative since the goal is simply to detect anomalies. This method is particularly suitable for the inspection of facades (Grinzato 1994b; Rosina et al. 1998 ). 
Raking Light
Raking light technique is based on the concept of specular reflection that occurs when the angle of incidence and the angle of reflection relative to the normal of a surface point are the same. Therefore, surface variation on the painting will cause a corresponding variation in the presence of specular highlights and may help to capture surface variations. Thus, in this method, a painting is illuminated from one side only, at an oblique angle with respect to its surface. A raking light photograph, made by casting light across the surface painted at a very low angle, highlights any surface texture or irregularities, including incisions, impasto, raised or flaking paint, and damages or deformations of the top layer. Raised painted surfaces facing the light are illuminated, while those facing away create shadows. The increased appearance of paint texture can easily be seen, photographed, or recorded digitally (Pitzalis et al. 2008) .
This form of diagnostic has two major problems. As raking light images are normally made with the lights in only one, or perhaps two positions, the information captured depends strongly on the choice of the lighting position; a raking light photograph designed to accentuate one area may not reveal features in another part of a painting. Unfortunately, a comparison between images made in different times (for example, before and after a painting has undergone some physical changes resulting from a conservation treatment) is rarely possible because repositioning of the lamps with the same angles is a critical point. Figure 4 is provided in order to understand correctly the potentiality of this technique. In this work, the 250-W lamp was installed at a 45
• angle in each raking light campaign.
Electronic Speckle Pattern Interferometry (ESPI)
ESPI, also called video holography, was developed in the early 1970s as a method of producing interferometric data using video systems instead of holographic materials (Rastogi 2001) . The experimental setup to perform ESPI diagnosis resembles holography, with the television (TV) target replacing the glass plate as the recording medium. The reconstruction process is performed electronically by the computer. In practice, the intensity distribution in the detector plane is stored with the object in its reference state. The object is then deformed and a second frame is stored. The two frames are then subtracted electronically to give a resultant intensity distribution.
The complex amplitude of the intensity distribution of the interference pattern in the image plane before the object deformation is given by Jones and Wykes (1983) :
where ψ is the phase difference between the object wave front and the reference wave, and I 1 and I 2 are the intensities of the two waves. If the object undergoes a static displacement, a phase change of φ is introduced between the two waves. The intensity distribution is now given by:
The subtracted signal V s is given by:
This signal contains both positive and negative values. The negative signal is displayed on the monitor as an area of blackness.
To avoid loss of signal, the subtracted signal is rectified before displaying on the monitor. Brightness on the monitor is given by:
If the brightness is averaged along a line of constant φ, it varies between B max and B min and the values are given by:
If the speckle patterns from the first and subsequent frames are subtracted and the difference is squared, correlation live (dark and bright) fringes are displayed on the television monitor. By using narrow band filters, centered at the laser wavelength, ESPI systems can also operate in daylight conditions. The resulting fringes are similar in appearance to conventional holographic fringes but with a lower image quality, due to a much more evident speckle noise. For this reason, ESPI fringes are usually digitally treated for noise removal and contrast enhancement. Furthermore, due to the subtractive nature of the reconstruction process, many visible details of the artwork are lost and the precise location of the defect on the artwork can be difficult. This drawback can be alleviated by recording a visual image of the object using the same TV camera of the ESPI system and by superposing on the fringes the edge map of the object. An advantage of ESPI is the possibility to follow the displacement visually on the monitor and to save a suitable record at any time. In the ESPI measurements, the typical sensitivity to displacements is λ/2 (Rastogi 2001) . Finally, ESPI images can be digitally processed to extract a 3D map of the defect. It is then clear that, from an operational point of view, ESPI is faster and simpler to use than conventional holography (Schirripa Spagnolo et al. 1997a ). The optical systems can be configured in such a way that they can measure both the in plane and out of plane displacements (Jones and Wykes 1983) . Conventional systems are built using optical elements including lenses, mirrors, beam splitters and beam combiners. A complete designed system consists of the optical hardware, test object, charged coupled devices (CCD) camera, laser source, and a PC with frame grabber.
ESPI has proved to be a very attractive tool, especially for in situ investigation on frescoes, wooden panels and museum objects (Gülker 1990; Boone, 1995; Paoletti and Spagnolo 1996; Lucia et al. 1997; Schirripa Spagnolo et al. 2003; Ambrosini and Paoletti 2004; Dulie-Barton et al. 2005 ), as well as on different artworks such as mosaics (Schirripa Spagnolo et al. 1998) , canvas (Young 1999) , and terracotta warriors (Gülker et al. 2001) . ESPI can also be used to monitor the artwork conditions over time as well as the effect of sunshine on frescoes (Hinsch et al. 2007 ).
Digital Speckle Correlation (DSC)
DSC makes it possible to define the correlation between two speckle patterns as the capability to create fringes (Dainty 1975) . Local correlation of laser speckles consists in the evaluation of a local parameter that estimates the decorrelation of speckles after any modification of the test object. Close correspondence exists between the object surface structure and the speckles in the image plane. For this reason, speckle correlation can characterize any physical or chemical mechanism that involves a surface alteration of the order of laser wavelength.
There are three distinctive ways in which the speckle pattern can change owing to alterations of an imaged surface. The first one is a displacement gradient in the speckle field that may result from a small elastic strain on the surface. As the surface is strained, the speckle pattern is stretched proportionately, depending on magnification of the recording camera. In this case, the speckles are not significantly altered in overall shape. The second type of speckle change is a translation of the speckle field. In this case, all of the speckles are translated uniformly along a vector that is proportional to the motion of the sample surface, once again depending on magnification. Finally, in the third type, the speckle pattern can undergo a morphology change in which the initial and final states are totally unrelated.
The corresponding surface may have undergone one of several transformations in order to produce this speckle morphology change: excessive surface displacement (either in-plane, out-of-plane, or rotational), excessive elastic strain (inducing Poisson contraction), excessive surface tilt, or by plastic deformation of the surface. It should be noted that lens aberration in the imaging system can also cause the two speckle fields to be unrelated even under simple rigid-body translation; however, this finding is unrelated to changes of the surface (Li and Chiang 1986; Steckenrider and Wagner 1991) .
To obtain the correlation pattern corresponding to the deformation field, two images are acquired and stored before and after the deformation. Then, a digital subtraction between these two images is performed. If the two images are perfectly correlated, they will cancel completely when subtracted; if some decorrelation is present, then the subtraction will not be complete. Therefore, where non-correlation occurs, bright areas are visible, indicating the defects presence (Hinsch et al. 2000) . The technique can provide information about defects on wooden paintings, frescoes, and mosaics (Schirripa Spagnolo et al. 2003; 1997b; 1997c) . It has less sensitivity and image quality than ESPI but is comparatively cheaper and simpler. In fact, in the DSC the measurement of the typical sensitivity to displacements is one-twentieth of pixels, and in relation to the field of view and the number of pixels, the corresponding values range from +/− 0.25 µm to +/− 3.5 µm (Corr et al. 2007 ).
The experimental setup ( Figure 5 ) used in this work has been designed to combine ESPI and speckle decorrelation, as in Schirripa Spagnolo et al. (2001) . Most optical elements, already mentioned in the ESPI discussion, are common to both diagnostic techniques. The switching from one technique to the other is achieved by inserting or removing the appropriate element.
Coin Tap Test
The coin tap test or screwdriver handle test is a venerable means for manually verifying the integrity of objects and structures, particularly sheet-like and layered materials that are subject to cracking and splittings. It requires an operator to tap with a small hammer (or a screwdriver handle or some other light-weight object, such as a coin) on each point of the structure to be inspected, meanwhile feeling the rebound of the hammer and listening to the resulting sound radiated by the impact. Healthy examples typically reverberate cleanly (they sound "live"), whereas damaged examples yield a sound that is dull ("dead"). The operator can discriminate defective examples from good ones by discerning the differences (Wu and Siegel 2000) .
Near-Infrared Reflectography (NIR)
The photoreceptors of the human eye can "see" only in the "visible" spectrum, which is between 380 nm (violet) and 750 nm (red). They are able to detect only the reflected and diffused radiations from the most superficial pictorial layers of a painting. If the same photoreceptors were able to detect radiation at greater wavelength (> 1 µm), they could "see" below the pictorial surface. In fact, the light is composed by energy particles (photons) that allow the acquisition of images in different type of bases. Thus, reflectograms can be obtained either through photosensitive films (i.e., photographs) or digitally by measuring photons and transforming this finding electronically with the appropriate sensors.
NIR essentially utilizes the radiation of electromagnetic spectrum immediately after the visible region (i.e., between 0.7 and 1.1 µm). Due to the lower attenuation, these waves penetrate deeper into materials than electromagnetic waves of the visible band and can aid in deciphering the features hidden under opaque layers of material. Van Asperen de Boer (1968) demonstrated that most paints used for art purposes become more transparent when observed in longer wavelengths. In particular, underdrawing visibility is a function of the transparency of the paint layers to NIR radiation and of the underdrawing contrast: IR absorption is high when carbon is present in the drawing (charcoal, graphite, carbonaceous pencils, and inks); otherwise iron-gallium-based inks are semi-transparent in the NIR spectrum, hence underdrawings painted with such materials would not be detected, even if the paint layer is transparent (Van Asperen de Boer 1969).
Reflectivity is high when the preparation is chalk-andgypsum based. In practice, if the surface is not completely smooth and brilliant, then it reflects only part of the light that receives in all directions. The surfaces of objects always contain irregularities of different sizes. However, it is not necessary for the reflective surface to have obvious irregularities; the minuscule irregularities are enough to permit the surface to act as a diffuser. The same considerations are correct for the superficial layer of a perfectly smooth painting.
Following this behavior, NIR reflectography technologies have been strongly increased and improved, especially after the epochal shift from photographical techniques to digital imaging.
Charged coupled devices (CCD) cameras, frequently used as detectors, acquire reflectograms at higher spatial resolution with better contrast in comparison to other devices, but have a smaller spectral sensitivity. They cover the visible spectrum and the near infrared (up to 1 µm). This approach prevents the sensor from exploring deeper pictorial layers.
New devices based on complementary metal-oxidesemiconductors (CMOS) have been developed in the past 20 years and are well described in literature (Bertani et al. 1990; Aldovrandi and Piccolo 2001; Poldi and Villa 2006; Burmester and Bayerer 1993; Daffara 2011) . The NIR setup implemented for this research utilizing a CCD camera is shown in Figure 6 , and its results are described in-depth in Section 5.
Ground-Penetrating Radar (GPR)
GPR is a geophysical method that uses radar pulses to image the subsurface (Judah 2008) . This NDT method uses electromagnetic radiation in the microwave band (UHF/VHF frequencies) of the ratio spectrum and detects the reflected signals from subsurface structures (Benedetto and Benedetto 2012; Kupila 2012) . GPR can be used in a variety of media, including rock, soil, ice, fresh water, pavements, and structures (Viswan et al. 2012) . It can detect objects, changes in material, and voids and cracks (Wikipedia 2012; Daniels 2004) . GPR uses highfrequencies (usually polarized) radio waves and transmits into the ground. When the wave hits a buried object or a boundary with different dielectric constants, the receiving antenna records variations in the reflected return signal (Figure 7) .
The involved physical principles are similar to reflection seismology, except that electromagnetic energy is used instead of acoustic energy, and reflections appear at boundaries with different dielectric constants instead of acoustic impedances. The depth range of GPR is limited by the electrical conductivity of the ground, the transmitted center frequency and the radiated power. As conductivity increases, the penetration depth decreases. This effect occurs because the electromagnetic energy is more quickly dissipated into heat, causing a loss in signal strength at depth. Higher frequencies do not penetrate as far as lower frequencies, but gives better resolution. Good penetration is achieved in dry sandy soils or massive dry materials such as granite, limestone, and concrete, where the depth of penetration could be up to 15 m. GPR antennas are generally in contact with the ground for the strongest signal strength; however, GPR air launched antennas can be used above the ground (Conyers and Goodman 1997) .
From Table 2 and the previous discussions, it is possible to deduce that repeated occurrences of the damage types in the architectural heritages can produce an incentive for the development of new techniques. Use of only a single technique, if separated from the others, is insufficient to identify the global damage. The four points (cost, image quality, sensitivity and in situ operation) reported in Table 2 , lead the restorer to the best choice inherent in "which type" of equipment to use and "why" to apply one methodology versus another, with consideration of: 1) the severity and impact of the damage on the visual performance of the structure as a whole, and 2) the CH under restoration as the final objective to preserve at a fair cost, but without losing the good quality of the scheduled restoration stage. 
EXPERIMENTAL RESULTS
This Section is divided into two subsections. The first one is devoted to explaining the NDT experimental results inherent the fresco, while the second one summarizes the main findings linked to structural elements, namely: a part of an internal wall (niche), the facade and the underground of the high altar.
Incoronazione dell'Assunta Fresco: Experimental Results
The fresco (Figure 8a ) was attributed to the school of the Maestro di San Silvestro (Tropea 2010) or to the Venetian school of Jacobello del Fiore (Ambrosini et al. 2006; Alessi 1987) , circa 1430. The present study complements this deduction; Figure 8b illustrates the defects map related to some of the NDT results subsequently described. Since this Figure summarizes the experimental results of the fresco, readers should keep in mind the information described. The Canny (1986) operator, as shown in Figure 8c , was applied to Figure 8a , which is the visible image, because it produces interconnected edges that were useful for the split channels processing described next.
The Canny algorithm runs in five separate steps: 1) smoothing: blurring of the image to remove noise, 2) finding gradients: marking edges where the gradients of the image have large magnitudes, 3) non-maximum suppression: marking only local maxima as edges, 4) double thresholding: thresholding to determine potential edges, and 5) edge tracking by hysteresis: determining final edges by suppressing all edges that are not connected to a very certain (strong) edge. The latter analysis was performed working on a photograph taken before the 2004 restoration (Figure 8a) . The years 2004 and 2009 marked key times in this study. In fact, the NDT analyses are equally distributed before, between, and after these years, as summarized in Figure 9 .
The diagnosis of the fresco consists of three stages (first, middle, and final).
In the first stage, the fresco was inspected by tapping. The expected detachment zones due to the "dead sound" are distributed on the left of the fresco beneath the plastered surface and with an unexpected rectangular shape (Figure 8b ). They could have arisen subsequent to the discovery in the 1970s since no trace of these findings is noted in the report of the first restorations (Ministero della Pubblica Istruzione, Soprintendenza ai Monumenti e alle Gallerie dell'Abruzzo [MPISMGA] 1972).
A series of raking light photographs was taken inside this area and the main results are shown in Figure 10 . These results are interesting because they unveil the surface degradation (Figure 10a ), as well as iconographic (Figure 10b ) and technical outlines that would not be evident using normal light. For example, the engravings that appear on the halos (Figure 10b ) could be a sign of lost gilding. This hypothesis is supported by the fact that traces of gold leaf remain on the drapery shown behind the Christ and Our Lady.
Furthermore, based on Figure 10b , focusing the attention on the mantle of the character with folded hands, it is possible to identify two pigments by naked eyes: ochre on the right and green on the left. This strange anomaly is also linked to the idea of conducting a chemical inspection during the middle stage in order to understand the pigments' nature and plan the NIR acquisitions accordingly. An ESPI and DSC campaign was conducted (Paoletti et al. 1993) in order to integrate the results from the coin tap and the raking light techniques. Figures 11a-c show the correlation fringes of three different zones of the fresco inherent the A, B, and C defects, respectively. The stress mode utilized was the ambient temperature variations ( T = 4
• C). The presence of subsurface cracks (Figures 11a, c) can be identified by the abrupt interruptions of the interferometric fringes (Paoletti 1996) . The cracks profile can be readily deduced in the image by the location of fringe discontinuities.
Since the speckle decorrelation technique is simpler and less sensitive than ESPI but able to detect different movements of the surface, it was applied (Figure 11d ) in conjunction with ESPI technique and focused on the defect C detection. Fortunately, the potential of these optical methods is not limited for the crack detection; in fact, they are able to detect subsurface detachments as well. This result is proved in Figure 11b , where the difference in the fringes' curvature between the two flaws' typology can be observed.
In this study, only selected ESPI/DSC results are reported even though the fresco was fully analyzed. The positions of the defects were mapped with the aim of inspecting the same zones after the 2004 restoration. In general, this idea could be useful both as quality control for the restorer, and for the present research, in order to corroborate the ESPI and DSC results.
As noted previously, during the middle stage of the analysis a micro-chemical campaign was carried out (Ambrosini et al. 2006) . The main elements were detected by portable XRF (Assing Lithos 3000) and the hue of the colors by a portable spectrometer (XRITE SP68). The author palette is typical of common and simple pigments: for the whites, bianco S. Giovanni (lime white), for the reds and orange-like Mars red, red ochers, and Morellone, and for the green, terra verde and copper carbonate (malachite).
The absence of light blue colors (azurite) and a large use of green allow one to suppose that the azurite has turned into malachite. The yellow color was obtained by mixing yellow ochre's and Mars yellow, blue with lazurite, and pink and violet with red ochers of various tonalities and bianco S. Giovanni. Carbon was used for the black. The use of gold leaf was not detected, which is in contrast with the analysis carried out prior to restoration. The colors, which were very dense, were applied; in some cases, one over another one, which is agreement with the raking light results performed before the 2004 restoration. Then, the painting decay allows one to see under a color a different hue.
Taking into account these results, a first NIR campaign was carried out in order to verify whether it was possible to detect the preparatory drawing or pentimenti of the author, despite the layer's thickness of the paint added as a result of the restoration. A CMOS camera (Canon 40DH 22.2 × 14.8 mm, 10 megapixel 0.38-1.0 µm), with a visible cut-off filter to limit the spectrum to the range 0.7-0.9 µm was used.
The radiation source consisting of one halogen lamp (STAR Progetti, 2 KW IR), provides a wide spectrum radiation (including the NIR band). The visible image (Figure 12a ) can be compared with the NIR result proposed in Figure 12b . Interesting features can be observed. The most important are several paint repairs highlighted by dotted arrows, the large retouch that has been made on the mantle of the character positioned on the lower right corner (highlighted by a dashed oval), and an intriguing retouch done on the middle finger of the left hand of the character that looks right. It is marked by a solid line. Then, a multi-analysis based on image fusion between the split channels processing and the thermal image correlated to the differential absolute thermal contrast result (DAC result) was used (Toet et al. 1989; Bendada et al. 2010) . DAC technique was applied to the cooling phase only (Pilla et al. 2002) . The reason is due to the fact that this algorithm is based on the assumption that the thermal profiles follow an appropriate linear decay on a double-logarithmic scale as predicted by the heat diffusion equation for a one-dimensional image (Carslaw and Jaeger 1959) . The best image with a good contrast was chosen to perform this analysis (Figure 12c ). By this method, several retouchings performed during the 2004 restoration are confirmed; in practice, defects before this year that are visible by naked eyes are again identifiable with a good contrast.
Integration of visual (CCD) and thermal (IR camera) images can produce information that cannot be obtained by viewing the sensor outputs separately and consecutively. Also, the exact location of targets in IR images may be difficult to assess when the background has low thermal contrast. The essential problem in merging images for visual display is "pattern conservation": important details of the component images must be preserved in the resulting image, while the merging process must not introduce spurious pattern elements that could interfere with subsequent analysis. By the method proposed in the present study, edge artifacts between regions taken from different images were not created (Toet et al. 1989 ). Further insight can be gained observing again the middle finger of the character (Figure 12c) ; the temperatures change sharply from the phalanx to the middle phalanx (i.e., the false color changes from yellow to red). Final confirmation of the nature of this intriguing retouch comes from an UV inspection performed by the same camera used for the NIR result, but with mounted a cut-off UV filter. In this case, the sun's rays passing through the collapsed roof were used as illuminating source. A magnification of the hand analyzed by UV technique (Mairinger 2004 ) is shown in Figure 12d . The latter result can be compared with the magnification coming from the visible image ( Figure 12a) ; the ring is still detectable also in the UV spectrum.
The idea of studying the fresco more in depth is linked to the superficial and horizontal crack marked by arrows in Figure 13a . It was repaired during the 2004 restoration and reappears once again in the same position due to the 2009 earthquake. In addition, the A, B, and C defects were analyzed again during the final stage of this work by square heating thermography ). This method was very useful in order to find information about the wall's structure. In fact, the stability of the wall is a critical point for the painting deformations induced by external factors (Sfarra 2011b) .
The first three IRT acquisitions were collected by the same halogen lamp used for acquiring the NIR images. Technical characteristics of the IR camera used in the present study are reported in Table 3 , while the main measurement conditions setups are shown in Table 1 . The IR camera (T) and the lamp (L) were moved into three control stations. The first one devoted to acquire IR data of the whole fresco (F) (set-up number 1), the second one in order to frame the defects A and B (set-up number 2), the last one focused on the defect C (set-up number 3). In addition, in Table 1 are also reported the information inherent the IRT campaign completed during the middle stage (set-up number 4).
In the latter case, the radiation source consisted of four halogen lamps (OSRAM SICCATHERM-250 W IR) mounted on a cross-shaped support. Physical parameters as ambient temperature and relative humidity of the Church were monitored using a DE LORENZO Instruments DLIN TH500 thermo-hygrometer. It is possible to see how: a) the IRT monitoring was effected in the same month (May), and b) the indoor temperature variation was ∼3
• C ( T). These data were fundamental during the final stage of the monitoring, in order to choose the maximum temperature elevation for preserving the fresco by thermal shocks, as well as for giving a heating time sufficient for reaching the defects' depth. In each case, T was <3
• C; during the IRT data acquisition process, the temperature increase was controlled by the spot function of the infrared camera. For example, in Figure 13b and 13c are shown two raw thermal images linked to the initial step, i.e. before turning on the lamp, and to the maximum thermal variation ( T), respectively.
The presence of the horizontal crack illustrated in Figure 13a can be explained observing and comparing this picture and the PCT-EOF1 result (set-up number 1) of Figure 13d . Interesting observations can be made: a) the stones' texture that constitutes the wall is aligned vertically above the crack and transversely below; b) although in Figure 13b , the alignments of the stones' texture is slightly visible, their detection was enhanced after PCT processing ( Figure 13d) ; and c) at T max (Figure 13c ) is predominant the emissivity's variation due to pigments.
This lack of structural homogeneity could have produced the crack during the 2009 earthquake or before. Considering this key point and taking into account that: a) the paint is very dense and superimposed in several layers, and b) in percentage terms the detachments detected by tapping are mainly distributed below the crack, a first assumption is that the Incoronazione dell'Assunta fresco was painted over another fresco previously manufactured. The current fresco could end up where the crack is located.
The latter hypothesis is supported by the surprising result obtained processing the thermographic sequence coming from set-up number 3 (Figure 14) . In fact, three signs (underlined by a dotted oval) beneath the orange and ocher mantle of the character surrounded by a dotted rectangle (Figure 14b ), appear both in PCT-EOF5 (Figure 14a ) and in PCT-EOF7 (Figure 14b ) • C Accuracy (% of reading)
± 2
• C o ± 2 % Minimum detection temperature difference < 0.05
• C with respect to 30
• C blackbody temperature results. The same signs are engraved on a stone preserved inside the Church; they are highlighted by dashed circles (Figure 14c) .
A first possible explanation is that these "letters" could be attributed to the builders who worked during the Church's construction. This approach was a common practice of the time. Figure 14d , obtained by Otsu's and Gonzalez's methods, explains the nature of the signs detected by PCT as graffiti (Gonzalez and Woods 2008) . Although very comparable at first glance, Otsu's result seems the best in order to identify the edges of the intriguing signs. These graffiti similar to gothic letters are now subsurface, since they were identified neither by raking light result (Figure 14i ) nor by NIR technique (Figure 14l) . Working with the same original image (contrasted) reported in Figure 14d , the Canny method (Figure 14e ), the Sobel method (Figure 14f ), the Prewitt method (Figure 14g) , and the Log method (Figure 14h ) do not seem very suitable for the present case.
A second set of acquisitions was taken during the final stage of this research in order to strengthen the PCT result: if the attention is focused inside the dashed rectangle, then the comparison between Figure 14b , Figure 14i and Figure 14l can help to understand this result. Since the signs were not detected even by the image fusion between the split channels processing and the thermal image obtained using the DAC algorithm (set-up number 4), a second explanation of the signs' nature could be the artist's signature of the original fresco, who engraved the initials of his name beneath the current surface. The main difference between Figure 14a and Figure 14b is the detection of the defect C in the first one surrounded by a square, while comparing Figure 14i and Figure 14l a large repair indicated by an arrow is evident in the second one. The A and B defects are detected using set-up number 2, as shown in Figure 15 .
First of all, it is very interesting to observe the difference in terms of color between the PCT results reported in Figures 15a  (dark spot-EOF2 ) and 15b (light spot-EOF7) relative to the defect B, as well as between the phasegram in Figure 15c (light spot) and the PCT-EOF1 illustrated in Figure 15d (dark spot) linked to the defect D. Both defects are related to subsurface detachments, as confirmed by tapping. In order to strengthen the assumption about the nature of the defect B, the raking light result reported in Figure 15e shows a swelling of the paint just under the superficial and horizontal crack already discussed.
Taking into account the ESPI and DSC results acquired during the first stage of the analysis, and the IRT results connected to the final stage, it is possible to conclude that the integration between optical and thermographic techniques is extremely useful. In fact, by the first one the fringes' curvature suggests the presence of a detachment or a crack beneath the surface while, by the second one, the same results are obtained by the color's difference after the PPT and PCT data processing (Sfarra et al. 2010a; 2010b; 2012b; Theodorakeas, 2012) . If these NDT techniques are combined with the traditional and qualitative coin tap test, the probability of false alarms is substantially reduced.
Since the A, B, and C defects detected by optical techniques during the first stage reappeared once again in the final stage, it is then possible to affirm that the 2004 restoration was not effective perhaps because the restorer repaired only the upper layers and not the deep ones. Thanks to the data collected over the years, at least for the defect B, it is possible to integrate the disjoint analysis into a specific data correlation script realized in Excel program environment. The method considers the repeatability of the measurement, and consequently the defect's detection. The results shown in Figure 16 emphasize the global analysis about this defect.
In the scatterplot clustering the points are around the SDline, which passes through the point of averages whose slope is given by SD y /SD x . The SD-line: a) runs through the center of the scatterplot, i.e., the points in the scatterplot are spread more or less symmetrically around the SD-line, b) describes well the trend in the data as a whole, c) does not well describe (or predict) the y-values in terms of the x-values, and d) is presented only for contrast. The sign of the slope is the same as the sign of the correlations coefficient R (Freedman et al. 1998) .
In practice, the correlation method proposed combines sets of events acknowledged through different means and applies the knowledge in order to establish their relation, namely, in what manner and to what degree the results are linked. Since the quantity of correlation between the two features is adequate, their relation (in the present case, the various NDT techniques applied, i.e., the defect B analyzed over the years, against its detection) is justifiable. The correlation coefficient was a measure of how nearly a scatterplot falls on a straight line. The correlation coefficient R is always between -1 and +1 (Figure 16 ). To compute the correlation coefficient R of the list of pairs of measurements (X, Y), firstly X and Y (individually) were transformed into standard units, secondly the corresponding elements of the transformed pairs, which provides a single list of numbers were multiplied. The correlation coefficient obtained was the mean of that list of results.
Facade, Niche and Underground of the High Altar: Experimental Results
Each fresco cited in Section 1 is preserved beneath a niche. Considering that the niches where the frescoes are located have different shapes, are placed at an irregular distance each other, and are completely unrelated to the rhythm of the bays (Bartolomucci 2004) , a niche without a fresco in relief, containing only some pigment's traces on the sides was inspected by passive IRT. The results obtained are reported in Figure 17 .
Data were collected working in two different days and with opposite thermal gradients (one thermal image was acquired at sunrise, the other at sunset). The results are the same, namely the detection of a buried structure covered with plaster. In this case, the passive approach was sufficient in order to obtain a clear result. This Figure shows that: a) the thermal anomaly has a rectangular shape, b) it is located below the horizontal centerline of the niche, and c) it is not centered vertically to the niche. Therefore, there is an interesting correlation with the case of the Incoronazione dell'Assunta fresco described in Section 5.1. Probably, during the changes occurred to the original building and already described in Section 2, also the artistic heritage suffered a readjustment. In order to confirm the structural adjustments made in the years, Figure 18a and Figure 18b show the facade's thermographic results as passive approach and the superimpositions with the visible images.
IR data were collected at the sunset with an external temperature of 22
• C and after two sunny days. Further corroboration about the presence of the buried structure (concrete grid reinforced) using GPR and finite element (FEM) techniques, can be found elsewhere (Ranalli et al. 2004 ; Centro di Ricerca e Formazione in Ingegneria Sismica [CERFIS] 2011). In the present study, the changes to the fabric were detected by IRT technique, in part from the front side, and the remaining part from the backside. In both cases, the thermal anomalies underlined by arrows can be seen. Anyway, an unknown vertical buried structure surrounded by a dashed oval in Figure 18a (left side), is not described in the historical book dedicated to Santa Maria di Collemaggio Church (Moretti 1972) . The very clear "thermal imprint" that exalts the upper left corner reconstructed after the 1915 earthquake, can be connected to recent studies focused on ancient Churches destroyed by earthquakes (Grinzato 2012; Paoletti et al. 2012 ). In addition, because the plan of the Church is irregular (Figure 19a ), formed with different floor tiles, and taking into account the subsequent motivations, the stone floor of the high altar was inspected by ground-penetrating radar (GPR). In fact, the masonry facade crosses the longitudinal right masonry according to a right angle (probably this finding is an indication of contemporaneity), while the portion of the facade corresponding to the left aisle tends to diverge from the alignment. In contrast, also the different thickness of the longitudinal walls (105 cm to the right, 95 cm to the left) suggests a nonsimultaneous construction of the latter and, in particular, the probable pre-existence of the right side (Bartolomucci 2004) . To strengthen this assumption, the recent archeological excavation performed on the left side (in front of the Holy Door), have brought to light ancient masonry traces (Giardini 2006) . The position and the size of these walls are now depicted on the floor by cubes of white porphyry. In addition, a GPR campaign was carried out to identify underground discontinuities and to correlate them with the presence of ancient and semi-unknown structures (Sfarra 2006) . In particular, the high altar (better known as the apse of the central nave) was inspected (Figure 19b ). The 1315 earthquake strongly damaged this area of the Church. Five apses, each aligned to the other, were originally constructed (Figure 19c , right side). The underground shrine, already known, discussed in (Moretti 1972, p. 16) , and described as a crypt, was partially detected by some geological tests and positioned where the GPR survey was subsequently realized. The five apses partially collapsed, were changed in three apses (Figure 19c , left side). A bas-relief made on the vault dates the non-usual extension of the central apse in the second half of the 14th century. Therefore, it is positioned where the ancient crypt was initially built.
Next, two series of longitudinal (L) and transverse (T) scans were carried out, with a step of 0.50 m, using single fold technique and a mono-static GPR with an antenna set at 600 MHz as nominal frequency, sampling at 512 samples/s and a full scale at 128 ns in order to reach the depth of 6 m. The position and length of the scans were scheduled according to the size of the area under analysis and the fixed obstacles on the stone floor. For example, the size of the wooden choir did not allow to fully cover the area of the central nave by the first grid; in the same way, the high altar influenced the paths of the second mesh (grid) scans (Figure 19b ). The archaeological excavations realized in the area under investigation support the results obtained in the present analysis (Figure 19d ). The picture depicts the shrine brought to light.
The discontinuities detected by GPR system are attributable to two types of targets. For the first grid (1, see Figure 19b , top): a) a distributed anomaly with sub-horizontal trend related to the ground-air gap. In this case, the target represents an archway. The thickness of this vault is located approximately 1.5 m below the stone floor. In particular, by a dotted arrow (T profile in Figure 19b ) is marked the radargram reported in Figure 19e ; b) a target vertically localized, can be attributed to the presence of a wall (Figures 19f) . The radargram shown in this case is inherent to the T-axis marked by a solid arrow in Figure 19b . The large hyperbola at the top (underlined by arrows in Figure 19f ) and the lower signals along the depth, are typical features in the GPR analysis of a buried wall. The wall was subsequently brought to light during the excavations (Figure 19d ). The multiple reflections that affect the radargram in Figure 19f can be explained taking into account that the flooring was realized during the 14th century and later re-adjusted. In fact, the sizes are not equivalent to that of the old floor, because the white and pink stones of the flooring are irregularly connected to the basement of the big pillars (Moretti 1972) . In addition, the subfloor was consolidated during the restoration, and the archaeological excavation demonstrated this point.
Instead, in the second grid (2, see Figure 19b , bottom) a distributed anomaly was discovered located approximately 2.5 m below the stone floor and with an irregular geometry (Figure 19g , left side), which is an L profile. Moreover, the second target (Figure 19g , right side) related to a T profile, is also distributed and rather shallow, approximately 0.70 m deep, but geometrically well defined. Both profiles are marked by dotted arrows in Figure 19b .
CONCLUSIONS
In this work, an integrated and disjoint use of optical, thermographic, chemical, and radar NDT technique, has been applied to the facade, a fresco, a niche, and a part of the stone floor of Santa Maria di Collemaggio Church (L'Aquila, Italy), which was struck by several earthquakes during the years. All the NDT techniques used have had the same goal-to confirm or deny historical information relative to the Church and its artistic heritage. Both ESPI/DSC and IRT equipment used for the analysis of the Incoronazione dell'Assunta fresco can be considered as powerful and simple methods for in situ monitoring; in addition ESPI and/or DSC techniques and the thermal imaging data processing can be applied for all types of works for which one can foresee a degrading reaction to ambient stimuli or mechanical stress (e.g., earthquake). These NDT methods, with raking light and non-destructive chemical techniques, allow, if combined, an understanding of not only the shape but also the nature of the sub-subsurface defects. In addition, an interesting development of the present research will be the data analysis by correlation methods, proposed at this step only for the defect B (detachment) of the fresco.
In contrast, the NIR approach was very useful to recover both the paint's correction applied during the 2004 restoration and the author's pentimenti. For example, the intriguing retouch made on the middle finger of a fresco's character, was also confirmed by a multi-analysis performed using an innovative integration between split channels and IRT techniques. Instead, the three letters discovered (subsurface signs) are not pentimenti. Their historical origins described by paleographers as gothic, was confirmed (taking into account all the collected and described data), but their actual meaning remains uncertain. In any case, the same signs were also engraved on a stone preserved inside the Church, and the Otsu method combined with PCT and raking light techniques provide more insight about their nature, such as graffiti. At this point, two options are plausible: a) they can be attributed to the author's signature of an earlier fresco painted beneath the present, or b) they are the initials of the builders' names who worked in the Church's construction.
Finally, several uncertainties concerning re-buildings were clarified, especially those related to architectural or concrete grids reinforced buried structures, thanks to the use of passive IRT applied on the facade and on a niche, and to GPR inspection of the high altar area. Nevertheless, it should be pointed out that passive IRT and GPR data provide a summary of the structures located at different depths, independent of their age and construction date. Then, by these methods it is not possible to date the structures, or to deduct the order of construction. Furthermore, passive IRT do not allow detection of the type of material, but just a different material from the original one. However, using other implementations respect to the type presented herein (in addition to thermal heat transfer modeling), it is possible to retrieve the effective material properties. At this point, other research works that use a quantitative approach are needed in order to fully understand the history of the Church and its mysteries.
